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ABSTRACT: Electroactive polymer (EAP) is a kind of intelligent
material that, driven by external electric field, could produce
changes in shape or volume. As an important class of EAP materials,
poly(vinylidene fluoride) (PVDF) based relaxor ferroelectric
polymers show remarkable potential for applications in sensors,
actuator, and artificial muscles because of their excellent electro-
strictive properties. However, the strain of PVDF-based relaxor
ferroelectrics relies strongly on a high electric field, which seriously
damages their reliability and limits their practical applications as
wearable devices. To explore more suitable materials for actuator
applications, in this present work, we report the influences of a
double bond (DB) on the electroactive properties of P(VDF-TrFE)
(TrFE: trifluoroethylene). The crystalline phase of P(VDF-TrFE) is partially destroyed after the DB is introduced, and the molecular
chain flexibility of the product P(VDF-TrFE-DB) can be greatly improved. Therefore, P(VDF-TrFE-DB) has a larger electric
displacement while having a lower dipole orientation electric field compared with that of P(VDF-TrFE). The result confirms that the
DB could tune the ferroelectric properties and effectively reduce the driving electric field of the PVDF-based relaxor ferroelectric
polymers. This work offers a strategy for the preparation of novel EAPs with low driving electric fields.

■ INTRODUCTION
Developing soft actuators like muscles that enable smart,
controllable, and robust robot movement is a major challenge
in bionic robotics.1 Smart electroactive polymers (EAPs) are
able to change their shape and size under applied electric
fields.2,3 EAPs are widely used in actuators, artificial muscles,
sensors, and microreactors and other advanced electro-
mechanical (EM) devices, so they have attracted extensive
attention of researchers as a kind of functional material.4−8 The
strain of traditional rigid piezoelectric ceramic EM materials
under an electric field is usually less than 0.5%. In contrast, the
strain generated by flexible EAPs is about 1 order of magnitude
higher.9−13 In order to make the soft actuators have fast
response and high efficiency, efforts have focused on the EAPs
represented by dielectric elastomers (DEs),14−18 electro-
strictive polymers,19 and ferroelectric and relaxor ferroelectric
polymers (RFPs)20−22 recently.
Poly(vinylidene-fluoride) (PVDF) and its copolymers with

trifluoroethylene (P(VDF-TrFE)) are the mostly investigated
RFPs.22−28 In P(VDF-TrFE) and beta-PVDF (β-PVDF), the
polymer chains are organized in all-trans conformation and
stacked together to form large scale ferroelectric domains.
Under the external electric field, the ferroelectric domains
could be polarized and oriented along the direction of electric
field.29−34 During the polarization processes, an electrostrain of
2−3% is observed in P(VDF-TrFE)s as well. Because of the
high modules (∼1 GPa) of the copolymers, the electric field

induced strain is mainly ascribed to the electrostrictive
effects.23,27 However, the electrostrictive strain in these
ferroelectric polymers is not reversible along with the change
of the electric field direction because of their inherent
polarization hysteresis nature.
The studies on PVDF and its copolymers with TrFE have

indicated that these polymers could provide high elastic energy
densities and large strain much higher those from traditional
piezoceramics.35 However, this large strain could only be
obtained near the breakdown electric field where EM devices
are vulnerable and disastrous failure may occur.36 What is
more, it is greatly desirable that practical operation electric
fields of EM devices are well below the breakdown field to
ensure long-term reliability and safety. That is to say, the high
operating electric field seriously limits the applications of RFPs,
especially in the field of wearable devices.1,14 Previous research
has shown that the polymer chains could be tailored from long
all-trans sequences to short ones, thus reducing the size of
ferroelectric domains.37−41 Therefore, the polarization could
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be easily recovered along with the change of electric field
direction. Most importantly, the driving electric field is also
reduced accordingly. Due to the contribution of modulus
reduction and the transition of normal ferroelectric to RFP, a
strain of up to ∼7% was achieved in the relaxor of P(VDF-
TrFE-CTFE) (CTFE: chlorotrifluoroethylene) or P(VDF-
TrFE-CFE) (CFE: chlorofluoroethylene) at 175 MV/m−1.42

Creating an artificial muscle has been one of the grand
challenges of science and engineering. Design and preparation
of new EAP materials is the key to develop next generation of
dielectric elastomer actuators with low driving voltage and
large strain for artificial muscle.1,8,14 Although previous studies
have demonstrated that introducing defects, such as bulky
monomer units (CTFE, CFE)43−45 or double bonds (DB),22,24

into the polymer chain could improve the electrostrictive
properties of P(VDF-TrFE), more promising materials are still
required to meet the application request. In this work, a
succession of P(VDF-TrFE-DB) copolymers with different
TrFE/DB compositions is prepared by hydrogenation and
then elimination of the P(VDF-CTFE) with a ratio of VDF/
CTFE = 65:35 mol %. Instead of bulky CTFE, CF�CH units
are employed to serve as a kink to fasten the ferroelectric phase
of P(VDF-TrFE). In order to clarify the influence of
ferroelectric phase transition after introducing DBs into the
molecular chain on the dielectric and electromechanical
performances of P(VDF-TrFE) films, a systematic research
of the crystalline, dielectric, ferroelectric, and electromechan-
ical properties of these polymer films has been conducted. This
work provides a promising strategy for the design and
preparation of EAPs based on RFP with excellent electro-
mechanical performances.

■ EXPERIMENTAL SECTION
Materials. P(VDF-CTFE) (VDF/CTFE = 65:35 mol %,

Mw = 130,000, polydispersity index (Đ) = 2.20) was obtained
from Zhonghao Chenguang Research Institute of Chemical
Industry (Chengdu, China). Tetrahydrofuran (THF) was

dried and distilled from sodium/benzophenone under nitro-
gen, and azobis(isobutyronitrile) (AIBN) was recrystallized
from ethanol before use. Tri(n-butyl)tin hydride (nBu3SnH,
Aldrich, 99.99%), N,N-dimethylformamide (DMF), triethyl-
amine (TEA), and the other chemicals were used directly
without any treatment.

Instruments and Characterization. Nuclear magnetic
resonance (1H NMR) spectra were recorded on a Bruker
spectrometer (400 MHz, Advance III) used acetone-d6 as
solvent. Differential scanning calorimetry (DSC) was carried
out on a DSC 200 PC analyzer (Netzsch, Germany) in N2
atmosphere at a scanning rate of 10 °C min−1. Fourier
transform infrared (FTIR) spectroscopy of the films was
obtained on a Tensor 27 (Bruker, Germany) with a resolution
of 1−0.4 cm−1 in transmission mode. X-ray diffraction (XRD)
analysis was conducted on a Rigaku D/MAX-2400 diffrac-
tometer (Rigaku Industrial Corp., Japan). The wavelength of
the X-ray was 1.543 Å (Cu Kα radiation, 40 kV, and 100 mA),
and the scanning rate was 4° min−1.
Gold electrodes (thickness 50−80 nm) were sputtered on

both surfaces of the polymer films with a JEOL JFC-1600
autofine coater (Japan) in order to characterize the electric
properties. The dielectric properties were measured at a
frequency ranging from 100 Hz to 1 MHz at 1 V using
Novocontrol Technologies, concept 80. The displacement−
electric field (D−E) hysteresis loops at room temperature were
determined on a Premiere II ferroelectric tester from Radiant
Technologies, Inc., where AC electric fields with an increment
of 25 MV m−1 were applied onto polymer films with a
triangular waveform at a frequency of 10 Hz and 50 MV m−1

with a square waveform. The thickness of the polymer films
under the electric field is tested by MTI-2100 equipped with a
laser probe of 2032R.

Synthesis and Characterization of P(VDF-TrFE-DB)
Polymer. The hydrogenation of P(VDF-CTFE) was con-
ducted following the procedure as our previous work46 and
shown in Figure 1. P(VDF-CTFE)(65:35 mol %) (10.0 g) and

Figure 1. Synthesis of P(VDF-TrFE-CTFE) by the hydrogenation of P(VDF-CTFE) and P(VDF-TrFE-DB) by the elimination reaction of
P(VDF-TrFE-CTFE) and 1H NMR spectra of these polymers with different chemical composition.
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AIBN (0.350 g, 2.13 mmol) were added into a 500 mL Schleck
flask, and the flask was injected with dry THF (300 mL) after
three cycles of vacuum pumping−nitrogen supply. After all
P(VDF-CTFE) was dissolved into a homogeneous solution;

20.1 mmol of nBu3SnH (5.41 mL) was injected using syringe.
The reaction proceeded at 60 °C for 24 h, and then the
reaction solution was quenched with methanol, and
precipitated in a mixture of methanol and water with a volume

Figure 2. Crystallization and phase transition characterization of polymers. (a) DSC curves, (b) FTIR spectra, (c) fraction of different chain
conformations, (d) XRD patterns of P(VDF-TrFE) and P(VDF-TrFE-DB)s polymers, and (e) schematic diagram of the change of the crystalline
phase after the introduction of DBs.
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ratio of 1:1. Then the precipitant was rinsed several times with
n-hexane. The crude product was dissolved in acetone and
precipitated in methanol/water mixture for three times. The
white solid product was obtained after the precipitate was
dried under reduced pressure at 40 °C. The procedure was
repeated with different amounts of nBu3SnH and AIBN to
obtain products with different TrFE/CTFE content.
P(VDF-TrFE-DB) was obtained by the elimination reaction

of P(VDF-TrFE-CTFE) using the following procedure as
descried in our previous work24 and also shown in Figure 1.
Into a 100 mL round-bottom flask equipped with magnetic
stirrer, the required amount of TEA was added after P(VDF-
TrFE-CTFE) (2.0 g) was completely dissolved in 60 mL of
DMF. The reaction solution was powerfully stirred at 50 °C for
24 h, and then the mixture was precipitated in a 5 vol % HCl
solution in order to remove the residual TEA. The precipitant
was dissolved in acetone and precipitated in methanol for three
times before it was dried at 50 °C under reduced pressure. The
chemical composition of the resultant polymer was determine
by 1H NMR spectrum and could be estimated from the
calculation results. For the convenience of subsequent
discussion, the samples were named as follows according to
the content of CTFE or DB, the pristine P(VDF-CTFE)(65:35
mol %) was named as “CTFE-35”, the products P(VDF-TrFE-
DB)(65:18:17 mol %), P(VDF-TrFE-DB)(65:15:20 mol %),
and P(VDF-TrFE-DB)(65:12:23 mol %) are named as “DB-
17”, “DB-20”, and “DB-23”, respectively.
Fabrication of Polymer Films. The copolymer films were

prepared by casting the solution (about 25 mg/mL in DMF)
onto the glass plates with polytetrafluoroethylene coating. The
glass plates with the films were kept at 180 °C for 4 h followed
by immediate quenching in an ice−water bath (0 °C) after the
solvent was evaporated completely at 70 °C. The films were
peeled off from the glass plates for subsequent character-
izations.

■ RESULTS AND DISCUSSION
Crystallization and Ferroelectric-Paraelectric (F−P)

Phase Transition of P(VDF-TrFE-DB). The crystalline
property and ferroelectric phase transition of the ice−water
quenched sample films were examined using DSC, FTIR, and
XRD methods. As shown in Figure 2a, Figure S1, and Table
S1, only one glass transition temperature (Tg) and no melting
peak were observed in CTFE-35 since the bulky Cl atoms
hindered the formation of the lattice structure of polymer
chain. As shown in Figure S1, the institution of CTFE with
TrFE leads to the crystallization and the formation of
ferroelectric phase at the same time, which can be identified
by the new endothermic peaks at 52.4, 53.6, and 78.4 °C in
P(VDF-TrFE-CTFE)s. It has been well reported that the
crystalline and ferroelectric phases are generated by the all-
trans conformation of VDF-TrFE sequence, and CTFE is
serving as bulky defect to tailor the size and content of
crystalline and ferroelectric grains.25 Interestingly, after
elimination, the displacement of CTFE by DB results into
slightly improved crystalline and ferroelectric performance. As
shown in Figure 2a, Figure S2 and Table S1, the crystallinity of
DB containing copolymers are larger than that of pristine
P(VDF-TrFE-CTFE) and the relevant melting temperature is
reversed. That means DB may play the similar role as that of
CTFE in tailoring the ferroelectric and crystalline phase of
P(VDF-TrFE).

The Tg, melting point (Tm), and crystallinity (X) of P(VDF-
TrFE-DB)s polymers all decreased with the increase of DB
units, from −12.1 to −19.8 °C of Tg, 63.3 to 49.3 °C of Tm,
and 7.09% to 5.35% of X, respectively. It was well-known that
DB can favor the spinning of the adjacent C−C single bond,
which may increase the flexibility of the polymer molecular
chain and reduce the Tg. On the other hand, the DB is serving
as a defect as CTFE to the crystalline phase. The more defects
that were incorporated, the shorter was the molecular chain
that folded into the crystalline phase, and the thinner were the
crystals that formed, and so the X and Tm decreased for
P(VDF-TrFE-DB)s polymers with the same VDF and TrFE
units but different DB content. Comparing with that of the
P(VDF-TrFE) 80/20 whose results are listed in Table S1, both
X and Tm of DB copolymers (ca., DB-20) are significantly
lower. X and Tm of DB-20 are 6.23% and 53.6 °C, while X and
Tm of TrFE-20 are 15.67% and 142.6 °C, respectively. These
results could further confirm the defect effect of DB on the
formation of crystalline and ferroelectric phase of P(VDF-
TrFE).
FTIR and XRD were measured and shown in Figure 2

panels b−d, in order to further study the crystalline phase
structure of the polymers. In P(VDF-TrFE-DB)s polymers, a
new absorption peak appeared near 1720 cm−1, which came
from the stretching vibration of the DB introduced in the
polymer. The polymer chain in TrFE-20 films possesses a
conspicuous TTTT (T>4) sequence characterized with the
remarkable bands at 840 and 1280 cm−1, the invisible TTTG
(T3) sequence absorption at 512, 776, 812 cm−1, and the
TGTG′ (TG) sequence absorption at 532, 614, 764, 855, 976
cm−1.23,24 But P(VDF-TrFE-DB) has a very small absorption
peak related to TTTG conformation, and the intensity of the
absorption peak related to TTTT conformation decreases.
This illustrates that the DB will reduce the long-range all-trans
conformation and increase the short-range TTT conformation.
The fractions of TTTT, TTTG, and TGTG′ conformation

of the P(VDF-TrFE) and P(VDF-TrFE-DB) are calculated
from FTIR spectra as shown in the previous work,22,24 and the
results are displayed in Figure 2c to further analyze the chain
conformation. With the increase of DB content, the TTTT
conformation in P(VDF-TrFE-DB) decreases (47% in DB-17,
39% in DB-20, and 35% in DB-23), while the conformation of
TTTG and TGTG′ increases. It is known that introducing a
DB into P (VDF-TrFE) is equivalent to introducing a defect of
TG conformation in the long-range ordered TTTT con-
formation, destroying the strong coupling between molecular
chains. As mentioned above concerning DSC analysis, the DBs
in the polymer are more likely to enter the crystal lattice and
effectively act as “defects” in the conformation, changing the
long-range order of molecular chains into short-range order.
This does not destroy the weak coupling effect while it
weakens the strong coupling effect, which is conducive to the
appearance of the relaxed ferroelectric phase.
When comparing polymers of TrFE-20 and DB-20 with the

same VDF and TrFE content, it is found that in TrFE-20, the
percentage of TTTT conformation is about 58%, while the
TTTG conformation is only about 34%, and the TG
conformation is about 8%. In DB-20, the percentage of
TTTT conformation is reduced to about 38%, while the
TTTG conformation is increased to about 55%, and the TG
conformation is also 7%. That illustrates that DBs will
introduce the G conformation, cutting the long-range all-
trans conformation, thereby reducing the content of the TTTT
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conformation, forming more TTTG conformations, and
helping to obtain the relaxor ferroelectric phase.
Figure 2d shows the XRD spectra of P(VDF-TrFE) and

P(VDF-TrFE-DB)s polymers, and all polymers have only one
single diffraction peak. When the content of DBs increases, the
2θ value of the diffraction peak in P(VDF-TrFE-DB)s
decreases, which means the interplanar spacing increases and
the grain size becomes smaller (the result shown in Table S2).
As mentioned above, DBs can bring more G conformations,
and as a result, the molecular chain spacing becomes larger.
With the increase of DBs, the defects in the crystal phase
increase; thus, the thickness of the wafer decreases, and the
crystallinity decreases (Figure 2e).
Comparing TrFE-20 with DB-20, both XRD patterns exhibit

only one diffraction peak, but their strength and position are
different. First, the diffraction peak of TrFE-20 is stronger than
that of DB-20, which means the introduction of DBs will
reduce the crystallinity, agreeing well with DSC analysis results.
Second, TrFE-20 has the smaller wafer thickness (14.30 nm)
than that of DB-20 (16.23 nm). Finally, the TrFE-20
diffraction peak is located at 19.70°, while that of DB-20 is
lower, at 18.76°. That is because the diffraction peak in
P(VDF-TrFE) comes from the (110)/(200) crystal plane in
the ferroelectric phase, while that of DB-20 comes from the

(110)/(200) crystal plane in the paraelectric phase. In
addition, the molecular chain spacing of TrFE-20 is 4.50 Å,
which is smaller than 4.70 Å of DB-20 (Table S2). From the
above FTIR analysis results, after the introduction of DBs, the
G conformation forms in the long-range ordered TTTT
conformation. That will increase the molecular chain spacing,
weaken the strong coupling between molecular chains, and
transform the ferroelectric phase copolymer into the relaxation
ferroelectric phase.

Dielectric Properties under Low Electric Field.
Temperature-dependent dielectric spectroscopy is used to
characterize the phase transition of P(VDF-TrFE) and P(VDF-
TrFE-DB)s to investigate the dielectric properties of polymers
under a low electric field (1 V bias). And the result was shown
in Figure 3 and Figure S3. There is a very narrow peak near
110 °C in TrFE-20 (Figure 3a). This peak does not show
temperature dependence and comes from the ferroelectric
phase transition. However, as the temperature increases, all
P(VDF-TrFE-DB)s polymers exhibit the Curie transition
peaks, but the position and shape of the peaks are different
(Figure 3b−d). These temperature-dependent and broad peaks
are the phase transition peaks of the relaxation ferroelectric
phase, which is consistent with the previous discussion that
P(VDF-TrFE-DB)s polymers are relaxor ferroelectrics.

Figure 3. Dielectric permittivity dependence on the temperature of (a) P(VDF-TrFE) (TrFE-20) and (b, c, d) P(VDF-TrFE-DB)s [(b) DB-17,
(c) DB-20, (d) DB-23] polymers.
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After the introduction of DBs, the Curie transition
temperature (TC) decreases from 110 °C to about 50 °C,

and the maximum dielectric constant also drops from about 60
to 20. The G conformation increases the molecular chain

Figure 4. D−E loops of P(VDF-TrFE) and P(VDF-TrFE-DB)s polymers.

Figure 5. (∂D/∂E)/ε0 of P(VDF-TrFE-DB)s and P(VDF-TrFE) (inset) polymers.
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spacing, weakening the coupling between molecular chains, so
the dipole in the ferroelectric domain can be transformed into
the paraelectric phase at a lower temperature, and the TC is
reduced. The introduction of DB could bring about the TTTG
conformation and cause the crystallinity, and the content of the
ferroelectric phase and relaxor ferroelectric phase is signifi-
cantly decreased. That is responsible for the decrease of both
the TC (from 49.6 to 45.3 °C, at 106 Hz) and the maximum
dielectric constant (from 22 to 18) with the increase of the DB
content.
Dielectric Properties under High Electric Field. The

dielectric behavior of polymers under high electric fields is
examined by the D−E hysteresis loops at 10 Hz, and the results
are presented in Figure 4. The D−E loops of P(VDF-TrFE-
DB) are rather thin, and both the coercive electric field (Ec)
and the remnant polarization value (Pr) are very low. This is
very different from the typical ferroelectric phase. Under an
electric field less than 50 MV/m, the loops are approximately
linear because there are only very few dipoles from small
ferroelectric domains and the amorphous phase may be
oriented. When the electric field is increased to 100 MV/m,
the loop hysteresis appears, indicating that the dipoles in the
ferroelectric domains start to orient in large amounts, and the
rather low content of ferroelectric domains in the polymer
thanks to the defect effect of double bonds is revealed. As
mentioned above, the TTTT conformation decreases and the
TTTG conformation increases when the content of DBs
increases, and the ferroelectric domains are more easily
oriented and recovered. Therefore, Ec decreases from −23.1
MV/m of DB-17 to −19.7 MV/m of DB-20 and −18.6 MV/m
of DB-23. As compared to the rectangular D−E loops of
P(VDF-TrFE) in the normal ferroelectric phase, DBs turn the
P(VDF-TrFE-DB)s into relaxor ferroelectrics characterized
with narrowed loops and rather small Pr.
The relative dielectric constant ((∂D/∂E)/ε0) of P(VDF-

TrFE-DB)s and P(VDF-TrFE) is calculated from D−E loops
to study the dependence of dielectric behavior on the electric
field, and the result is illustrated in Figure 5. The electric field
corresponding to the maximum dielectric constant is Em, and
the value is related to the polarization capability of dipoles.
When Em is reached, most dipoles are oriented. If the coupling
of the molecular chains in the ferroelectric domain is strong, a
higher electric field is required to orient the dipoles, thus a
large Em will be observed.
It is seen from Figure 5 that the Em could be detected under

a certain electric field for all the samples. For P(VDF-TrFE-
DB) polymers, Em is decreased from 59 MV/m to around 41
MV/m when the content of DBs increases. The introduction
of more DBs as defects could continuously reduce the size of
the ferroelectric domains and weaken the interaction between
molecular chains. Therefore, the transition from normal
ferroelectric of TrFE-20 to the relaxor ferroelectric phase of
P(VDF-TrFE-DB)s copolymers is responsible for the reduced
Em. The reduced Em in P(VDF-TrFE-DB)s suggests that the
ferroelectric domain is more easily polarized and the dipole
orientation is easier.
Ferroelectric Property of the Polymers. The ferro-

electric performance could be further evaluated by the remnant
polarization (Pr), maximum polarization (Pm), and leakage
conduction polarization (Pc) of the polymers as displayed in
Figure 6, where all the films were polarized under a square-
wave electric field at 200 MV/m for 0.1 s.47 For P(VDF-TrFE-
DB)s, Pm decreases from 5.0 μC/cm2 to 4.0 μC/cm2 with

increasing DB content. The Pm values of DB-17 and DB-20 are
rather close because they have similar crystallinity. As the
crystallinity reduces, the ferroelectric domains of the polymer
and the Pm value decrease and the leakage conductance
increases. That may address the increased Pc from 0.4 μC/cm2

to 1.1 μC/cm2 from DB-17 to DB-20.
Pm value of TrFE-20 is detected as 7.9 μC/cm2 under the

same condition, while its Pr is as high as 3.9 μC/cm2, and the
Pc is only 0.5 μC/cm2. But for DB-20, its Pm is 5.0 μC/cm2

while its Pr does not exceed 0.3 μC/cm2. That is ascribed to
the reduction of crystallinity induced by the introduction of
DB, resulting in a decrease in ferroelectric domains size and
Pm. Meanwhile, the reduced size of ferroelectric domains in
DB-20 allows them to be polarized and depolarized quickly
along with the flipping of the electric field. As a result, the
remnant polarization is mostly eliminated.

Electrostrictive Performances of the Polymers. Apart
from piezoelectricity, the introduction of DB also has a great
impact on the electrostrictive performances as well because of
the crystalline change and ferroelectric phase transitions. For
PVDF-based ferroelectric polymers, the electrostriction strain
under the electric field is usually correlated to the change of
chain conformation and transition of the ferroelectric phase,
which could be calculated by the equation of S = QP2, Q refers
to the electromechanical coupling coefficient, which is
characterized by the energy transfer efficiency during the
processes of charging and discharging. The relationship
between strain and electric field is measured on an MTI-
2100 Fotonic sensor equipped with a laser probe of 2032R,
where the electric field is consistent with D−E loops. As shown
in Figure 7(a,b), the strain curve of TrFE-20 presents the
standard butterfly-like shape of a ferroelectric, which is mainly
derived from the electrostriction of the ferroelectric phase.
However, the strain curve of DB-20 is finer and shows a relaxor
ferroelectric profile. The main source and composition of strain
and the influence of Maxwell stress on strain magnitude will be
analyzed in detail in the following section.
The maximum strain of P(VDF-TrFE-DB)s and P(VDF-

TrFE) is picked to compare the strain obtained under the
varying electric field. As shown in Figure 7(c), the strain of
P(VDF-TrFE-DB)s slowly increases when the electric field is
below 50 MV/m. And the strain increases rapidly once the
electric field is over 50 MV/m. In addition, the electric field of
strain sharply decreases from 60 MV/m to 40 MV/m with the
increase of DB content. The small strain under the low electric

Figure 6. Pr, Pm, and Pc of P(VDF-TrFE-DB)s and P(VDF-TrFE)
polymers.
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Figure 7. Strain vs electric field curves of (a) TrFE-20 and (b) DB-20; (c) strain (S3) of TrFE-20 and P(VDF-TrFE-DB)s films as a function of the
electric field at 10 Hz; (d) volumetric elastic energy density of TrFE-20 and P(VDF-TrFE-DB)s under the applied electric field at 10 Hz.

Figure 8. Maxwell stress and electrostriction effects of the percentage of contribution of P(VDF-TrFE-DB)s and P(VDF-TrFE), calculated by SM/
S3 × 100 and SE/S3 × 100.
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field occurs because there are a few dipoles under the low
electric field. As the content of DBs increases, the distance
between molecular chains in the polymers becomes larger, and
the ferroelectric domains size reduces, the dipoles can be
oriented, and large strains appear under the lower electric field.
In contrast, the strain of TrFE-20 starts to increase suddenly

at 90 MV/m electric field, which is about 50 MV/m larger than
that of DB-20. The strain of TrFE-20 increases quickly from 90
to 150 MV/m, and the speed of change becomes slower when
the electric field is over 150 MV/m. That suggests the major
strain of TrFE-20 is associated with the polarizing and
saturation of ferroelectric grains. However, the strain of DB-
20 under a high electric field (E > 50 MV/m) is increasing
continuously, which indicates the strain is more than the
polarization of ferroelectric grains, and it will be analyzed in
detail below.
The volumetric elastic energy density (W) of the actuator

materials driven by the electric field, an important property to
measure its electromechanical transformation ability, can be
calculated by eq 1:

=W
YS

2
3
2

(1)

where Y and S3 are Young’s modulus and the strain,
respectively. By taking Y and different S3 varied with E into
above equation, the curve of W vs E is obtained as shown in
Figure 7(d). As suggested by eq 1, the energy density is
affected by both strain and modulus. While DB-20 has a larger
strain and moderate modulus, so the energy density is
relatively large. In addition, the energy density of DB-20 is
0.12 J/cm3 at 150 MV/m because of its big modulus.
Therefore, it is more favorable to be used as a relaxation
ferroelectric for an artificial bone application.
As reported by us previously,23 using eq 2, the strain of

relaxor ferroelectrics can be divided into Maxwell stress-
induced strain (SM) from the amorphous phase and electro-
striction strain (SE) from the ferroelectric phase and relaxor
ferroelectric phase,

= +S S S3 M E (2)

= +S PE v Y0.5 (1 2 )/M (3)

=S Q PE
2 (4)

where S3, SM, SE, P, E, and Y are the strain, the strain derived
from Maxwell stress, the strain from electrostriction, the
polarization, the electric field, and the Young’s modulus,
respectively. In addition, ν is Poisson’s ratio about 0.24−0.30,
Q′ is the electrostrictive coefficient, and P′ represents
polarization involving dipoles in the polar ferroelectric phase
and relaxor ferroelectric phase. Because Y of normal ferro-
electric polymers is large, they possess small SM, and their S3 is
close to SE. However, due to the low crystallinity of the relaxor
ferroelectric polymer, SM is too large to be ignored.
The strains of P(VDF-TrFE-DB)s and P(VDF-TrFE) are

divided into SM and SE by theoretical simulation as shown in
eqs 3 and 4 in order to study the relationship between strain
and crystal phase carefully. Figure 8 shows the strains as a
function of electric field from the contribution of Maxwell
stress and induced electrostriction. In P(VDF-TrFE-DB)s, the
proportion of SE is basically zero under low electric field, and it
starts to increase and then reaches equilibrium when the
electric field increases to 30 MV/m. From eq 3, it can be seen

that SM is proportional to the dielectric constant and inversely
proportional to the modulus, and SE is related to the number of
dipole orientations under the electric field. The dipole of
P(VDF-TrFE-DB) cannot be oriented under a low electric
field, so the percentage of SE is very low. When the electric
field increases to around 30 MV/m, SE begins to increase
because many of the dipoles start to orient. When the electric
field further increases, the dipole orientation tends to be
saturated, so the percentage of SE reaches equilibrium. Namely,
SE appears like the start-up electric field under the low electric
field. In addition, as the DB content increases, both the
crystallinity and modulus decrease, and the dipole orientation-
required electric field decreases as well. As a result, the start-up
electric field decreases, and the proportion of SE decreases at
the final equilibrium, which is consistent with the previous
analysis.
TrFE-20 has the highest SE start-up electric field of 90 MV/

m, which is about three times that of DB-20 (about 30 MV/
m). SE of TrFE mainly comes from the orientation of dipoles,
associating with the Ec. Therefore, the proportion of SE in
TrFE-20 is about 75%, while that of DB-20 is only about 33%
when the final balance is reached. The ferroelectric phase
content plays the dominant role as discussed above.

■ CONCLUSIONS
By hydrogenation and elimination reaction of pristine P(VDF-
CTFE)(65/35 mol %), a range of P(VDF-TrFE-DB) materials
with different compositions are synthesized in order to study
the effect of DB on the ferroelectric and electroactive
properties of P(VDF-TrFE). DB could change the crystalline
and ferroelectric phases of P(VDF-TrFE) and thus the
dielectric, ferroelectric, and electroactive performances. A
small amount of G conformation into the long-range ordered
TTTT conformation appeared after the introduction of DB,
thereby increasing the molecular chain spacing and trans-
forming the ferroelectric phase copolymer into a relaxor
ferroelectric phase. In addition, the reduction of TC, the
frequency dependence of the Curie phase transition peak, and
the relaxation characteristics of the D−E loop further
confirmed the transformation of P(VDF-TrFE) from ferro-
electrics to relaxor ferroelectrics because of the presence of DB.
The lower polarization electric field and better electroactive
performance of P(VDF-TrFE-DB) offer great electrostrain
applications. This work skillfully uses the introduction of DBs
to construct a relaxor ferroelectric polymer with a low driving
electric field and a large electric strain, which provides a new
strategy for the study of new ferroelectric polymer materials.
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